This paper summarizes the past 34 years of studies of algae by Rex Lowe and his students and collaborators at Bowling
Introduction
I was surprised, humbled and greatly honored upon learning of my students' plans to organize a celebration in 2003 to recognize, summarize and reflect on studies of algae undertaken at Bowling Green State University during the past 34 years. When asked to write the introductory chapter to a collection of scientific papers contributed by former academic advisees and research collaborators I decided instead to write about the former students themselves and how their ambitions and interests helped shape my own. Sixty-two graduate students matriculating through the Algal Ecology Laboratory at Bowling Green State University coinciding with my 60th birthday seems an appropriate time for retrospection. The theme of this special volume is ''Benthic algae: Their Roles in Aquatic Ecology, Systematics, and Environmental Assessment.'' Although these subdisciplines encompass an expansive continuum of questions of scientific interest it has become increasingly clear that ecology and systematics are inseparable (Kociolek & Stoermer, 2001) . One cannot accurately describe species interactions and environmental relationships if the species are unknown. This issue is particularly critical when attempting to extrapolate insights gained from research to other algal communities separated by time (paleolimnolgy) or space (biogeography). In addition, the biological species concept has been difficult to apply to algae given their cryptic sexual behavior. Indeed, most algal ''species'' have not been observed reproducing sexually. Thus, morphology and increasingly ecology are being employed in algal species concepts. The inseparability of ecology and systematics has been extended to the application of algal communities in environmental assessment (Bahls, 1973 (Bahls, , 1974 Descy, 1979; Stevenson & Lowe, 1986; Morgan, 1987; Biggs, 1989; Dixit et al., 1992; Stevenson & Pan, 1999) . Accurate species identification is essential for accurate environmental assessment whether the algal communities are modern or fossil.
Students in the algal graduate program over the past three decades pursued a continuum of interests in the three sub disciplines (systematics, ecology and environmental assessment). This research continuum led to close and fertile interstudent collaborations that continue today. Many of the students that matriculated through the program are at the forefront of the field today. I am extremely proud of them. I will divide my summary of these research pursuits into the three sub disciplines, while recognizing their interrelatedness.
Systematics and morphology
Our initial interest in the algae laboratory was documenting the local flora of northwest Ohio, USA. Bowling Green rests in an area formerly known as ''The Great Black Swamp,'' a glacial remnant of Lake Erie (Kaatz, 1955) . Streams in northwest Ohio are all low-gradient in nature and strongly influenced by agricultural practices. The Portage River system was studied by McCullough (1971) , Jackson (1975) and Rohr (1977) . Stevenson (1976) , Kline (1975) and Pryfogle (1976) investigated algal communities in the Sandusky River. Acker (1977) , Fisher (1980) and Lamb (1983) researched the algae of the Maumee River. The algal flora of these rivers is typical of sluggish, nutrient-rich water. Phytoplankton was typically dominated by small centric diatoms in the genera Cyclotella, Stephanodiscus and Thalassiosira (Lowe & Crang, 1972; Busch, 1974; Lowe, 1975; Lowe & Busch, 1975; . The benthic algal flora of these sediment-rich rivers was dominated by epipelic species typical of low-gradient streams (Jackson & Lowe, 1978; .
Following extensive research on northwestern Ohio streams we initiated studied in the southeastern United States in the late 1970s. wrote a thesis on the diatom flora of Long Branch Creek in South Carolina that led to his substantial and profusely-illustrated manuscript (Camburn et al., 1978) in which he described eleven new diatom taxa form a flora of 268 total taxa. The appearance of so many undescribed taxa provided incentive for continued taxonomic and floristic research in the southeast. Kociolek (1982) and Keithan (1983) both conducted their graduate research in the Great Smoky Mountains National Park. While Kociolek focused on taxonomic issues documenting the diatom flora of selected streams including the description of five new taxa Lowe & Kociolek 1984) , Keithan was ecologically focused examining the role of current in structuring benthic algal communities (Keithan & Lowe, 1985) . This initial research in the Great Smoky Mountains National Park made our current large-scale algal biodiversity project which is part of a larger all-taxa biodiversity inventory possible (Sharkey, 2001; Gomez et al., 2003; Potapova et al., 2003; Johansen et al., 2004) .
Taxonomic and floristic research in our laboratory took a more international approach in the 1990s. In collaboration with Barry Biggs at The National Institute for Water and Atmospheric Research while on a sabbatical leave in New Zealand, we observed that diatoms from many local habitats were not easily identified using taxonomic literature from the northern hemisphere. This led to a more intensive investigation into endemic New Zealand diatom species (Sabbe et al., 2001; Kilroy et al., 2003) that is still in progress. In addition to our New Zealand algal floristic work, the arrival of Sophia Passy in Bowling Green enabled us to pursue taxonomic/floristic work on diatoms from Bulgaria (Passy & Lowe, 1994) and from South Africa (Passy-Tolar et al., 1997) . Taxonomy and floristics continue to one of the central areas of research interest in the Bowling Green algae laboratory.
Ecology
The major focus of research activities of students matriculating through the graduate program in the algology laboratory at Bowling Green has, not surprisingly, centered on ecology. Because algal assemblages are spatially compact and respond to environmental variables relatively quickly, they are ideal subjects for students wanting to pursue a research question addressing community ecology in a limited period of time. Also, algae stand at the interface of the abiotic and biotic components of the ecosystem converting inorganic minerals to organic compounds. Thus, algal community structure, function and dynamics are potentially strongly regulated by abiotic resources and/or consumers and/or disturbance. This complexity is increased when one considers that algal assemblages are composed of a large numbers of species, with species richness often exceeding 100, providing an incredibly complex system for investigation.
Initial investigations were descriptive in nature, generating correlative data sets (Lamb & Lowe, 1981; Lowe et al., 1982; Millie & Lowe, 1983; Belanger et al., 1985) . Bruno (1978) and Kingston (1980) researching benthic algal assemblages in an Ohio bog lake and Grand Traverse Bay, Lake Michigan were among the early researchers applying multivariate techniques in the analysis of algal communities (Bruno & Lowe, 1980; Kingston et al., 1983 ). Kingston's research documented a benthic diatom assemblage living below the maximum penetration of the summer thermocline in Lake Michigan that was highly diverse and structurally stable through seasons. In contrast, he found that shallower benthic assemblages displayed strong seasonal variability in structure. Kingston's is one of the few data sets detailing this important deep benthic community in Lake Michigan. Passy (1997) applied multivariate analyses to seasonal benthic algal community structure in the Mesta River, Bulgaria. From detailed collections of epilithon, epiphyton, epipelon, epipsammon and plocon across nutrient gradients she was able to define subsets of taxa based on both nutrient and microhabitat preferences (Passy-Tolar et al., 1999) . Miller (1983) and examined algal distribution patterns at a much finer scale than had been customary in algal ecology. Both students focused on epipsammic diatom communities. Miller investigated the role of micro-topography of sand grains and its influence on diatom distribution (Miller et al., 1987) . Her investigation demonstrated habitat partitioning among diatoms on sand grains with prostrate diatoms normally occupying depressions while the ridges were occupied by diatom taxa with relatively short and stout flexible stalks that enabled these forms to better resist crushing during sand drifting events. Krejci examined seasonal phenology of epipsammon in a stable spring-fed brook (Krejci & Lowe, 1987a) documenting, among other findings a preferred temperature range for the spring Meridion bloom (Krejci & Lowe, 1987b) . Krejci also documented the role of sand grain mineralogy using scanning electron microscopy (SEM) and x-ray energy dispersive spectroscopy technology for sand grain elemental analysis as an influence on diatom colonization. Krejci determined that stalked diatoms preferred quartz sand grains, which comprised 65% of the grains he examined. In contrast, motile prostrate diatoms showed no preference between quartz and feldspar sand grains (Krejci & Lowe, 1986 ). Krejci and Miller's research was a strong confirmation that algae significantly exploited habitat variability at microscopic scales. Insights into microalgal ecology must focus at the appropriate scale. Greenwood et al. (1999) also employed SEM to examine the distribution and behavior of diatoms moving through sediments (endopelic). This littleexplored microhabitat still holds many interesting mysteries on algal behavior and the interface with endopelic consumers.
Abiotic resources
Fairchild's (Fairchild & Lowe, 1984) development of a means of manipulating nutrients in-situ using clay flower pots stimulated many students to manipulate abiotic variables while investigating interspecific interactions among benthic algal populations (Carrick, 1985; Luttenton, 1989; Marks, 1990; Pillsbury, 1993; Pan, 1993) . Nitrogen or phosphorus were found to be a limiting nutrient for periphyton populations in most of the lotic and lentic habitats investigated (Fairchild et al., 1985; Lowe et al., 1986) . Although found some benthic algal populations to be silicon limited when not allowed contact with quartz sand substrate by supplying nitrogen and phosphorus in a silicon-free medium. Carrick's major contribution resulted from research he conducted in northern Lake Michigan demonstrating that different benthic algal populations are limited by different resources and that it is incorrect to assume that algae are limited by a single resource as if they were a population rather than an assemblage of many populations . DeYoe et al. (1992) demonstrated the sensitivity of some taxa to nitrogen/phosphorus ratios in the environment demonstrating that the numbers of endosymbiotic nitrogen-fixing cyanobacteria within the diatom Rhopalodia is partially a function of the external N/P ratio.
Fairchild's nutrient diffusing substrate technique was also employed to understand how pH differences in aquatic ecosystems can impact nutrient limitation. Keithan et al. (1988) investigated periphyton species response to nitrogen and phosphorus manipulation in a culturally acidified stream while Carrick manipulated nutrients along a natural pH gradient in a northern Michigan lake (Carrick & Lowe, 1989) . Pillsbury (1993) investigated light resources examining both quantity and quality of light with the application of tannic acid light filters in four acid lakes in northern Michigan, USA (Pillsbury & Lowe, 1999) . He found that light accounted for most of the variation in biomass and community structure with high light environment favoring filamentous green algae (Zygnematales) and low light favoring desmids and diatoms. Marks (1990) manipulated light and nutrients simultaneously in a three-way factorial design in oligotrophic Flathead Lake, Montana, USA. While nitrogen and phosphorus together significantly increased algal biomass, light had little effect in this system (Marks & Lowe, 1993) .
Disturbance
The influence of physical flow-mediated disturbance on benthic algal community structure was recently reviewed by Peterson (1996) . Although not addressing this topic directly, a few students at Bowling Green did pursue aspects of this phenomenon. Lamb (1983) employed scanning electron microscopy to investigate the role of current in shaping algal community physiognomy. The publication resulting from his thesis (Lamb & Lowe, 1987) was awarded the best paper of the year in the Ohio Journal of Science. Barnese (1989) examined diel patterns of algal drift in the Maple River, Michigan, USA and found that disturbance caused by benthic insect activity partially explained patterns of algal drift (Barnese & Lowe, 1992) . Francoeur (1997) studied mechanisms of periphyton disturbance-resistance in a disturbance-prone river in New Zealand. He found that imbricated microform bed clusters of stones served as refugia for disturbance-vulnerable species (Francoeur et al., 1998) . These refugia serve as epicenters for post-disturbance re-colonization of the stream by both periphyton and invertebrates. It is important to remember that nutrient resources and disturbance do not operate in isolation from each other and there may be interactive effects. Resource stress can alter the impact of hydrological disturbance on periphyton communities (Biggs et al., 1999) . Biggs et al. (1998b) developed a habitat matrix model that considered the simultaneous impacts of nutrient abundance and disturbance intensity/ frequency. The model predicted responses of several common stream periphyton species and was later successfully tested on three valley segments of a New Zealand grassland river (Biggs et al., 1998a) .
Grazers
Grazers can strongly influence the structure, density and physiology of periphytic algal communities (Steinman, 1996) . Grazer-periphyton interactions have been the focus of several research investigations by students and collaborators at Bowling Green. The impact of grazing snails was a focus in of Lowe and Hunter (1988) who examined the impact of Physa integra on periphyton communities in Spring Lake, Michigan and by Barnese et al. (1990) who examined radular ultrastructure and grazing efficiency of six sympatric snails in Douglas Lake, Michigan. Barnese's investigation demonstrated the capability of the prostrate green alga Coleochaete orbicularis to resist grazing by snails. The thallus often lost erect colorless setae to snails but the prostrate chlorophyll-bearing cells remained largely intact. Further, benthic diatoms associated with the thallus of Coleochaete also often escaped predation. In further research in Douglas Lake, Marks and Lowe (1989) investigated the independent and interactive effects of snail grazing (Elimia livescens) and nutrient enrichment on structuring periphyton communities. Grazing had a more pronounced effect on algal community composition on the nutrientenriched substrates than on the controls. Grazing caused a decrease in periphyton diversity and an increase in the relative proportion of green algae, especially Stigeoclonium tenue. Gresens and Lowe (1994) also working in Douglas Lake manipulated periphyton patches with nutrient-diffusing substrates to examine patch preference by the grazing larva of the chironomid Paratanytarsus dubius. As with Marks & Lowe (1989) , addition of nitrogen and phosphorus resulted in a Stigeoclonium-dominated community, which was negatively correlated with Paratanytarsus grazing. Grazing preference was correlated positively, however, with algal diversity.
Two stream studies in which nutrients and grazers were manipulated illustrated the impact that grazers can exert on periphyton communities often greatly dampening the expected biomass increase of periphyton from nutrient stimulation. In the Maple River in northern Michigan Pan & Lowe (1995) found that colonization of benthic substrates by hydropsychid caddisflies can have a stronger impact on periphyton accrual than nutrients. Biggs & Lowe (1994) described the same phenomenon in the Kakanui River in New Zealand when the grazing snail Potamopyrgus antipodarum negated the effects of expected biomass accrual from nutrient addition.
Environmental assessment
The recent literature is rife with examples of the application of algae as tools for monitoring environmental quality both present (Lowe & Gale, 1980; Lowe, 1981; Shubert, 1984; Stevenson & Lowe, 1986; Whitton et al., 1991; Whitton & Rott, 1995; Stevenson & Pan, 1999) and past (Battarbee et al., 1999; Bradbury, 1999; Fritz et al., 1999) . The value of algae as integrators of fluctuating environmental variables is well established and documented. This application has been a continuing interest to students in the algae laboratory at Bowling Green (McCullough, 1971; Rohr, 1977; Maurice, 1982; Karl, 1983; Blake, 1987; Passy, 1997; Gooden, 2002) .
Algae are excellent integrators of fluctuating abiotic variables but these variables must be measured at correct temporal and spatial scales. Initial studies at Bowling Green were focused on local systems. For example, impact of treated domestic sewage on the Portage River, Ohio was the first research initiative using algae as environmental indicators at Bowling Green (Lowe & McCullough, 1974) . Our research group initially focused on aquatic environments near Bowling Green. Pryfogle and Lowe (1979) authored a methodology manuscript based on some of the initial findings and experiences with periphyton monitoring. In the 1970s, Stevenson (1976) , Pryfogle (1976) , Kline (1975) and others were focused on research projects in the Sandusky River watershed (Ohio). This was a particularly fertile time in this research group and led to Stevenson developing some of his early thought on environmental monitoring (Stevenson & Pryfogle, 1976; Stevenson, 1984) . Stevenson has now become a leading authority on the application of algae for water quality monitoring.
In the 1990s the laboratory established research collaboration with Procter and Gamble Experimental Stream Facility near Cincinnati, Ohio. In this controlled environment many synthetic chemicals and particularly surfactants were tested for their potential impact on benthic algal communities (Belanger et al., 1994) . This collaboration provided us with the opportunity not for only bioassay research , but also facilitated periphyton research not directly related to the bioassays Greenwood et al., 1999) .
These integrated research activities continue with a new cadre' of graduate advisees researching and learning the roles of systematics, ecology and environmental assessment.
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